We study corrections to the photon-propagator in a recently proposed model, where gravity lives in 4+n dimensions and Standard Model fields in 4 dimensions. We find a large (tachyonic) contribution to the photon mass, ruling out the model by over 20 orders of magnitude.
Introduction
Motivated in part by naturalness issues, recently there have been several attempts to develop models where the effects of gravity become large at energy scales of the order of a TeVmuch lower than the traditionally accepted Planck mass. In fact, in a previous paper [1] by one of the authors it was suggested that the so-called hierarchy problem, the question why the Planck mass is much larger than the weak scale, could be solved by having gravity play a role at the electroweak scale. One of the implications of such a principle is the possibility of having large extra dimensions being present. This possibility has recently been presented in a simple form in ref. [2] . In this paper it was suggested that the standard model is confined on a D3 brane, but that gravity lives in the bulk of the (4+n) dimensional space-time, where the n dimensions are compactified, possibly with a large radius. From the formula
, the 4 + n -dimensional Planck mass can be at the TeV scale if the size R of the higher dimensions is large enough. As prefigured in ref. [1] such scenarios lead to collider signals in the form of missing energy signals and anomalous couplings from higher dimensional operators. These effects could come from the production of higher dimensional gravitons and/or their tree-level exchange. Since such signals are absent in present-day colliders, limits can be put on the scale where the effects of higher-dimensional gravity become strong [3, 4] . Typically one finds limits of the order of a TeV for this scale. Astrophysical considerations allow one to limit the cases n=1 and 2. [5] .
At first sight the model therefore appears to be in order, at least for n > 2. However, since it is non-renormalizable, one has to be careful that radiative effects do not destroy its consistency. Non-renormalizable models can often be used as effective Lagrangians, if the radiative corrections are sufficiently well behaved, so that the divergent higher-order effects can be absorbed in effective local operators, parametrizing our ignorance about the underlying fundamental dynamics. For example, this procedure works very well in pion physics, where the starting Lagrangian is the non-linear sigma-model [6, 7] . However the divergences in higher-dimensional gravity are much more severe than in the non-linear sigmamodel, so that explicit calculations are necessary to determine how far this model makes sense at the quantum level. Calculations involving loop-effects of higher-dimensional gravitons have been performed in [8, 9] for the LEP electroweak precision data, and in [10] for the g-2 factor of the muon. The authors in [8] and [9] both calculate corrections to the so called oblique parameters, coming from corrections to the vector-boson propagators. They reach different conclusions about the importance of the corrcections, ref. [9] giving strong constraints, while ref. [8] gives much weaker ones. However both calculations ignore the nonoblique corrections, which is basically incorrect, since gravity couples to all particles, not only to vector-bosons. We therefore consider these results to be too uncertain to provide definite conclusions. In ref.
[10] the g-2 factor of the muon was considered. Here it was found that the corrections are small, well within experimental bounds. However it is known from studies [11] on anomalous vector-boson couplings, that the g-2 factor of the muon is relatively insensitive to anomalous effects, that depend on the precise ultraviolet behaviour.
The form-factor of the photon is a more sensitive quantity, therefore in the next section we calculate the radiative corrections to the photon-propagator due to higher-dimensional graviton exchange.
The calculation
Such a calculation can be performed using the formalism of ref. [12] . The 4+n dimensional graviton-field Lagrangian is linearized and expanded in normal modes. The normal modes describe an infinity of 4-dimensional massive spin-2, spin-1 and spin-0 fields. The spin-1 fields decouple from ordinary matter, the spin-2 fields couple to the energy-momentum tensor T µν and the scalar fields to the trace of the energy momentum tensor. As we are interested in the coupling to photons, we can ignore the scalars completely, since the photon energy-momentum tensor is traceless. The propagator of the massive gravitons is derived in [13] . Because we assume the extra dimensions to be large, the sum over the modes can be replaced by a density-integral. Assuming all extra dimensions to be circles with a radius R, the sum over graviton modes is replaced by the integral dm 2 R n m n−2 /((4π) n/2 Γ(n/2)). At the one-loop level there are two types of graphs contributing. The tadpole graphs contain the 2-photon-2-graviton vertex, which is proportional to k µ k ν − k 2 δ µν . Such diagrams, contain no further momentum dependence. Their contribution can therefore be absorbed in a wavefunction renormalization of the photon. The remaining class of diagrams is non-trivial and contains the 2-photon-1-graviton vertices. It is strongly ultraviolet divergent and for low enough dimensions also infra-red divergent. As one also has to take care in the regularization to preserve the gauge-invariance of the photon, it is not very practical to evaluate this diagram with Feynman parameters. We therefore choose to evaluate the diagram by a dispersion relation. This way one preserves the symmetries that have to be present in the theory and at the same time keeps the physically relevant divergences. The form of the imaginary part is determined without ambiguities. One has however to choose an utraviolet cut-off Λ for the spectrum, where one assumes new physics takes over. The infrared cut-off m gr is taken as the mass of the lightest graviton.
With these assumptions the imaginary part of the photon two-point function becomes
(n − 4)(n + 2)(n + 4)(n + 6) − 
As we assume R to be large the last three terms in the above expression can be ignored. This expression is gauge invariant. In the following it will be convenient to introduce as usual the scalar Π(k 2 ) by
The real part of the polarization tensor can now be determined by the dispersion relation:
This dispersion integral can be expressed in terms of incomplete beta-functions for arbitrary s however this is not very illuminating; we give results for s=0, which will be seen to correspond to a photon mass, which actually is tachyonic. We assume R large and keep only the leading terms in the cut-off to get:
Assuming the cut-off to be of similar size as the 4+n-dimensional Planck mass, we find the following simple behaviour:
3 Discussion.
The result of the calculation shows that there is a correction to the photon two-point function at s=0 for all n. This corresponds to a mass in the photon propagator as is explicitly seen from the following expression for the full photon propagator (∆ ′ µν ) in a general gauge:
Note that in the Landau gauge (α = 1) the above has a particularly simple form:
From this we see that the photon mass is actually tachyonic, implying an instability in the system. A naive analysis of such a mass term gives a potential of the form cos(µr)/r as compared to the standard Yukawa potential exp(−µr)/r. In leading order in µ/r the correction to the forces is equally large but of opposite sign. Therefore one gets a comparable limit on this mass as on the ordinary photon mass [14] . Assuming M P l,n+4 ≈ 1T eV and using the limit m γ < 2.10 −16 eV, the model is ruled out by over 20 orders of magnitude.
We emphasize that the mass term, that we have found is fully gauge-invariant and not the naive one proportional to A 2 µ . In the language of an effective Lagrangian it corresponds to a non-local contribution of the form (1/2)F F . The non-locality of the contribution shows, that it cannot be removed by the addition of a counterterm to the lagrangian. One is missing essential degrees of freedom in the system. In this sense the gauge invariant mass that is generated by higher dimensional graviton exchange may be termed "anomalous".
The tachyonic nature shows that an instability is present in the system. We believe that this instability would not be present if the D3 brane that the standard model lives on was a BPS state. In fact, supersymmetry is expected to remove the instability, however any supersymmetry breaking which must be present in a realistic case will reintroduce it back.
Stable non-BPS states have been considered in ref. ([15] ), but the phenomenology of such scenarios need to be furthur studied. Another possible cure could be to take the branedegrees of freedom into account and there are some indications in the literature [16] how this can be done. However all of these correspond to moduli, that are actually scalars, which we know do not couple to photons via the energy momentum tensor, and therefore cannot remove the instability. Another possibility is that the string itself plays a role even at low energy. This, in fact, is the conclusion of ref. ([4] ). By considering a weakly coupled string theory model for a quantum theory of gravity, it was argued that the ratio of string scale (M S ) and the scale where gravity becomes large (M ′ ) is:
Therefore if stringy effects come in at 1 TeV, then the gravity effects come in at a larger scale. The model considered in ref.
( [4] ) is in fact a supersymmetric one with a stable BPS D3 brane. As argued there, such a model could be used to obtain realistic estimates of scattering amplitudes even for the nonsupersymmetric case, however the question we are addressing here is one of stability which is a different matter. The supersymmetric and nonsupersymmetric cases are very different in regard to this issue as argued above.It is difficult to imagine how a weakly coupled string theory could restore stability. The question of how the problem of instability may be resolved can only be settled within a full string field theory calculation. We remark in closing that it would be interesting to confirm if the propagator for the massless graviton also suffers from similar problems as discussed here. In fact, non BPS branes of the type considered are possibly unstable to Hawking radiation.
Although we cannot rule out completely that the string degrees of freedom remove the tachyonic photon mass, at present it appears that a mass gap of the order of TeV is necessary in the graviton spectrum. If this is the case then the model looks more like traditional KaluzaKlein models in the sense that the higher modes have a mass comparable to the cut-off. Thus the solution to the hierarchy problem may be more involved than what is envisaged in the "large extra dimensions" scenarios.
